Four species of marine calcifying algae, the coccolithophores Calcidiscus leptoporus, Helicosphaera carteri, Syracosphaera pulchra and Umbilicosphaera foliosa were grown in laboratory cultures under temperatures varying between 14 and 23°C, and one species, C. leptoporus, under varying [CO 3
Introduction
Coccolithophores are unicellular marine phytoplankton, belonging to the taxon Haptophyta and are
A u t h o r ' s p e r s o n a l c o p y
characterized by an exoskeleton composed of minute calcite platelets, the 'coccoliths'. Coccolithophores are important primary producers and contribute about half the total marine CaCO 3 export production (Milliman, 1993) . As a consequence, they are an important link between global calcium (Ca) and carbon (C) cycling. Because they act as a major Ca sink, coccoliths play an important role in determining the isotopic Ca budget of the marine realm, and consequently their isotopic composition is an important parameter for reconstructing the Ca budget of the global ocean (De La Rocha and DePaolo, 2000; Schmitt et al., 2003; Soudry et al., 2004; Heuser et al., 2005; Fantle and DePaolo, 2005) . However, previous studies on coccolith oozes have reported a disparate range of seemingly conflicting Ca isotope values. De La Rocha and DePaolo (2000) and Fantle and DePaolo (2005) (De La Rocha and DePaolo, 2000) . In contrast, Zhu and Macdougall (1998) observed considerably lighter Ca isotope values in Holocene coccolith oozes (1000 · lna = −1.9 to −2.6).
Detailed investigation of the Ca isotope response to changing environmental parameters such as salinity, pCO 2 /pH, illumination, Ca 2+ concentration and temperature, identified temperature, apart from the isotopic composition of the medium, as the main factor influencing the Ca isotope composition of E. huxleyi coccoliths Langer et al., 2007) . The small but significant temperature dependence of 0.027 ± 0.006‰/°C (7.3 ± 1.6 ppm/amu/°C) found in E. huxleyi is too limited to be a possible explanation for the observed disparity in Ca isotope values between Quaternary coccolith oozes (Zhu and Macdougall, 1998; De La Rocha and DePaolo, 2000; DePaolo, 2004) .
To investigate if species-specific vital effects might be responsible for the observed discrepancies in the Ca isotope composition of bulk marine carbonate oozes, we cultured four different coccolithophore species under varying temperature regimes, as well as one species under different pCO 2 levels. These parameters were chosen because previous studies revealed that temperature and carbonate chemistry can have a large effect on Ca isotope fractionation: Different species of foraminifera exhibit temperature dependent Ca isotope fractionation patterns, with temperature sensitivities differing by roughly an order of magnitude between taxa (Zhu and Macdougall, 1998; Nägler et al., 2000; Gussone et al., 2004) , and Lemarchand et al. (2004) observed a large sensitivity of Ca isotope fractionation of inorganically precipitated calcite in response to changes in the carbonate ion concentration of the fluid.
Materials and methods

Coccolithophore culturing
We cultured coccolithophore species from the CODENET culture collection maintained in the ALGO-BANK laboratory at the University de Basse Normandie in Caen, France. Four species, Syracosphaera pulchra (strain GK7, GK17), Calcidiscus leptoporus (strains NS10-2, ASM31), Umbilicosphaera foliosa (strain ESP 6MI) and Helicosphaera carteri (strains NS10-8, NS8-4) were grown in monoclonal cultures covering a temperature range from 14 to 23°C (Table 2) at The Natural History Museum (NHM), London. In addition one C. leptoporus strain (AS31) was grown at different CO 2 levels at the Alfred Wegener Institute (AWI), Bremerhaven. SEM illustrations of the investigated coccolithophore species are displayed in Plate I. In the past C. leptoporus was informally divided into three size clusters, small, intermediate, and large. Recent life cycle and morphological research resulted in a division on the subspecies level (Geisen et al., 2002) . Sáez et al. (2003) however raised the subspecies to species rank based on molecular data. The cultures used for this work The cultures used at the NHM were grown under sterile but not axenic conditions on a temperature-light gradient table. The mean irradiance level was 42 (±3) μmol photons m − 2 s − 1 and a 16/8 h light/dark cycle was used. All the cultures were grown in 100 ml glass flasks with 75 ml medium. Medium was prepared from seawater collected from the coast of Wales. The seawater was filtered and autoclaved at 120°C for 15 min. Nutrients (nitrate, phosphate, trace metals and vitamins) were added to the cooled seawater under sterile conditions in a laminar flow cabinet. The chemical composition of the medium resembles media used by Guillard (1975) and Keller et al. (1987) . A detailed description of the medium used is given in Table 1 .
The C. leptoporus strain AS31 used at the AWI was grown in sterile filtered (0.2 μm) seawater (collected in the North Sea near Helgoland) enriched with 100 μM nitrate and 6.25 μM phosphate and with trace metals and vitamins according to f/2 (Guillard and Ryther, 1962) . The incident photon flux density was 350 μmol photons m − 2 s − 1 and a 16/8 h light/dark cycle was applied. Experiments were carried out at 15°C. Cells were acclimated to experimental conditions for approximately 10 generations and grown in dilute batch cultures . Low cell density at harvest (in general less than 6000 cells per ml) resulted in less than 8% DIC (dissolved inorganic carbon) consumption (i.e. DIC consumed by the cells at the end of experiment) and a shift in pH of not more than 0.06 units. Calcium consumption was in all experiments less than 1% and therefore a significant shift in Ca isotopic composition of the seawater during the experiment due to the preferential uptake of light Ca isotopes into the precipitated CaCO 3 (as for instance observed for CaCO 3 precipitated (Teichert et al., 2005) ) can be excluded. CO 2 levels were adjusted by adding calculated amounts of 1 M HCl or 1 M NaOH to the medium. In order to prevent gas exchange with the atmosphere, 2.4 l borosilicate flasks were filled without headspace and closed with teflon lined screw caps. For the determination of growth rate however, regular sampling for cell counts was required. The maximum headspace created by this sampling is 6 ml and the resultant air-water CO 2 equilibration of 3% shift in the CO 2 aq concentration is negligible. Samples for alkalinity measurements were filtered (approx. 0.6 μm), poisoned with 1 ml of an HgCl 2 solution (35 g l − 1 ) and stored in 300 ml borosilicate flasks at 0°C. DIC samples were sterile filtered (0.2 μm) and stored in 13 ml borosilicate flasks free of air bubbles at 0°C. Total alkalinity was calculated from linear Gran plots (Gran, 1952) after duplicate potentiometric titration (Bradshaw et al., 1981; Brewer et al., 1986) and DIC was measured photometrically (Stoll et al., 2001) in triplicate. The carbonate system was calculated from temperature, salinity, and the concentrations of DIC, total alkalinity and phosphate, using the program CO 2 sys (Lewis and Wallace, 1998) , applying the equilibrium constants of Mehrbach et al. (1973) refitted by Dickson and Millero (1987) .
Cultured coccolithophores were harvested in the late exponential growth phase and samples were washed and centrifuged to remove salt. Pellets were dried at 60°C for 48 h and subsequently stored at room temperature.
Sample preparation
The coccolith samples were transferred into acid cleaned PP reaction vials and bleached for 24 h in a 10% NaClO solution (∼ 1% active chlorine). During the bleaching the samples were ultrasonicated several times. The bleach was subsequently removed and the samples were washed 6 times in distilled water, the pH of which was elevated to 8-9 by the addition of NH 4 OH-solution to prevent partial dissolution of the coccolith carbonate during the cleaning process. The samples were then dissolved in 0.5 N HCl and transferred into Teflon vials. The solution was evaporated and recovered in 2.5 N HCl. Aliquots of the sample solution, corresponding to 300-400 ng Ca, were mixed with a 43 Ca-48 Ca-double spike for the correction of isotope fractionation during the data acquisition in the mass spectrometer (Heuser et al., 2002) .
Ca isotope analysis
Calcium isotope ratios were determined on a Finnigan Triton T1 thermal ionization mass spectrometer at the IFM-GEOMAR, following the method described in Heuser et al. (2002) ). Data from previous publications were converted to NIST SRM 915a using the following relations: Δ 44/40 Ca (Seawater-SRM 915a) = 1.88‰, Δ mu Ca (Seawater-SRM 915a) = 505 ppm/amu. Δ 44/40 Ca (CaF2-SRM 915a) =1.44‰, Δ mu Ca (CaF2-SRM 915a) = 387 ppm/amu. The average 2σ m of our samples is 0.12‰ (30 ppm/amu) determined by repeated aliquot measurements of various sample materials.
Results
The Ca isotope values of the four investigated coccolithophore species (Fig. 1, Table 2 ) fall within the range of previous experiments on marine biogenic calcites cf. (Skulan et al., 1997; Zhu and Macdougall, 1998; De La Rocha and DePaolo, 2000; Chang et al., 2004; Gussone et al., 2005; Sime et al., 2005; Heuser et al., 2005) . The relationships between temperature and Ca isotope fractionation in S. pulchra and H. carteri are given in Table 3 (Eqs. (1)- (3)). We calculated independent equations for two distinct data arrays defined by S. pulchra, differing in temperature sensitivity by a factor of about 10 (Table 3, Eqs. (1) and (2)). For U. foliosa and C. leptoporus, no equations are shown, because the temperature range is not large enough to define a reliable relationship.
The temperature sensitivity of H. carteri (Table 3 , Eq. (3)) is small and does not exceed the analytical uncertainty. The temperature dependence of S. pulchra 
) and a, b being the masses of the respective Ca isotopes . Column 7: fractionation factor α mu = α a/((b+1) · (a−b)) (assuming equilibrium isotope fractionation) with α = (
Ca fluid ) and a, b being the masses of the respective Ca isotopes . Table 3 , Eq. (1)) is identical within analytical uncertainty, to that previously determined for E. huxleyi (0.027 ± 0.006‰/°C; 7.3 ± 1.6 ppm/amu/°C) and similar to the planktonic foraminifer Orbulina universa (0.019 ± 0.003‰/°C; 4.8 ± 0.8 ppm/amu/°C), inorganic aragonite (0.015 ± 0.002‰/°C; 3.7 ± 0.4 ppm/ amu/°C) (Gussone et al., 2003) , biogenic calcite (0.026 ± 0.01‰/°C; 6.6 ± 2.6 ppm/amu/°C), biogenic aragonite (0.017 ± 0.006‰/°C; 4.3 ± 1.4 ppm/amu/°C) and inorganic calcite (0.015 ± 0.013‰/°C; 3.8 ± 3.2 ppm/amu/°C) (Marriott et al., 2004) .
The response of calcium isotope fractionation in coccoliths of C. leptoporus to changes in carbonate concentration is shown in Fig. 2 , Tables 4 and 5 (Eq. (4)). The small and statistically insignificant dependence of Ca isotope fractionation on the [CO 3
2− ] is consistent with previous findings for E. huxleyi and O. universa (Gussone et al., 2003) , but different from trends observed in inorganically precipitated calcite (Lemarchand et al., 2004) , which exhibits a strong dependence of calcium isotope fractionation on [CO 3 2− ], opposite in sign, showing reduced isotope fractionation at higher carbonate ion concentrations. The lighter Ca isotope ratios (−0.3‰) of C. leptoporus compared to E. huxleyi are consistent with a small species-specific offset between both coccolithophores and the temperature difference of 5°C between the two sets of experiments.
Discussion
Coccoliths of the four investigated coccolithophore species C. leptoporus, U. foliosa, S. pulchra and H. carteri show calcium isotope values in the same range as most previously published marine CaCO 3 samples.
Together with previous results of E. huxleyi (De La Rocha and DePaolo, 2000; Gussone et al., 2006) , the predominant part of the coccolithophores cover a range of about 0.5‰ (∼ 130 ppm/amu), ranging from about − 1.1 to − 1.6‰ 1000 · lnα (− 300 to − 430 ppm/amu), and the observed small temperature dependences are similar to several other marine calcifying organisms cf. (Gussone et al., 2003; Marriott et al., 2004; Gussone et al., 2005; Böhm et al., 2006) . Despite this overall agreement, there are species-specific differences in coccolithophores with respect to absolute Ca isotope fractionation and temperature sensitivity. Coccoliths of C. leptoporus, H. carteri and U. foliosa are in general stronger fractionated compared to E. huxleyi and S. The uncertainties in the equations represent 2σ-errors. a We calculated independent equations for two distinct data arrays defined by S. pulchra, differing in temperature sensitivity by a factor of about 10. b For calculation of Eq. (3) one data point (grey square in Fig. 1 ) was excluded, because it strongly deviated from the other values, possibly due to contamination. Fig. 2 . Calcium isotope fractionation as a function of carbonate concentration of C. leptoporus (15°C) compared to published data of inorganic calcite (21°C) (Lemarchand et al., 2004) , O. universa (22°C) (Gussone et al., 2003) and E. huxleyi (20°C) . The response of Ca isotope fractionation on changes in [CO 3 2− ] of C. leptoporus is similar to E. huxleyi and O. universa, showing a minor dependence between [CO 3 2− ] and Ca isotope fractionation, in contrast to inorganic calcite (Lemarchand et al., 2004) . Shaded areas represent 95% confidence bands.
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pulchra coccoliths (0.1-0.4‰; 25-100 ppm/amu) grown at identical temperatures. The difference is attenuated at lower temperatures, at which the Ca isotope fractionation of the latter species is increased due to their stronger pronounced temperature sensitivity (0.027 and 0.029‰/°C).
In contrast to the otherwise relatively limited range of Ca isotope fractionation in coccoliths from cultured specimens (− 1.1 to − 1.6‰; − 300 to − 430 ppm/amu), two samples of S. pulchra (Fig. 2 grey triangles) fall well outside the temperature dependent array, revealing considerably less fractionated values of up to − 0.6‰ (− 160 ppm/amu). It is unclear if these values represent a second array exhibiting a roughly 10-fold stronger temperature dependence (0.27‰/°C) resembling the large temperature sensitivity observed for the planktonic foraminifer G. sacculifer (0.24‰/°C) cf. (Nägler et al., 2000) , or if they are artefacts, most likely caused by strong contamination. An analytical artefact is unlikely, because the values reproduced on replicate measurements. Though the array showing a large temperature sensitivity is poorly defined, this observation warrants further investigation, because such a behaviour would restrict the applicability of Ca isotopes in coccolithophore oozes as proxy archives, but could provide as well insights into biomineralisation-related fractionation processes. The potential occurrence of two different temperature sensitivities in one species is further indicated by considerably different values for temperature dependent Ca isotope fractionation reported for G. sacculifer cf. (Zhu and Macdougall, 1998; Nägler et al., 2000; Chang et al., 2004; Sime et al., 2005; Gussone et al., in revision) . A potential mechanism for the establishment of two arrays in S. pulchra is unclear, because its physiology and biomineralisation processes are not well constrained; though it is likely that the observed variability might be associated with changes in the cellular Ca usage, including the use of internal Ca storage pools, as proposed for planktonic foraminifera (Gussone et al., 2003; Marriott et al., 2004; Gussone et al., in revision) .
Genetic differences seem to be unlikely to cause the observed intra-specific variability, because the two clones used for this experiment were isolated from the same water mass and data of both S. pulchra strains contribute to the anomalous array. An additional parameter, the ratio of endothecal to exothecal coccoliths (Plate I-2), could affect Ca isotope fractionation in coccolithophore cultures. However, we did not observe a clear shift in the amounts of cells with predominantly endothecal or exothecal coccoliths in our samples, and therewith this explanation can most likely not account Table 2 . Table 5 Ca isotope fractionation of cultured coccolithophores depending on CO 
for the two temperature dependencies observed in S. pulchra (Fig. 1) .
A further important factor besides temperature and species-specific variability which can influence Ca isotope fractionation is the carbonate system of the culturing medium. The small [CO 3 2− ] sensitivity of C. leptoporus (Fig. 2) , in contrast to inorganic calcite (Lemarchand et al., 2004) , resembles previous observations on E. huxleyi and O. universa (Gussone et al., 2003) . The small negative correlation between [CO 3 2 − ] and Ca isotope ratios of the three species cannot be explained as an alleviated residual rate effect, because this should lead to a reduced fractionation with increasing [CO 3
2− ]. Instead, the inverse correlation between [CO 3 2− ] and Ca isotope ratios might be related to a metabolic response to changes in the ambient pH, or increased Ca utilisation from cellular Ca reservoirs at lower calcite supersaturation (Ω = [Ca 2+ ] · [CO 3 2− ]/K sp ; with K sp = seawater calcite saturation product). The latter explanation is in agreement with the observation that coccoliths of E. huxleyi also display slightly heavier calcium isotope values when cultured at low external Ca concentration and hence lower calcite saturation of seawater (or accordingly larger isotope fractionation when cultured at higher Ω) (Langer et al., 2007) . Combining the results from the experiments with changing [CO 3
2− ] and [Ca 2+ ] (Langer et al., 2007) of E. huxleyi and plotted as Ω, the data show a logarithmic increase of Ca isotope fractionation with increasing Ω (Fig. 3 ; Table 5 , Eqs. (5) and (6)). The experiment using C. leptoporus spans a relatively small range of Ω values compared to the analytical uncertainty of the Ca isotope ratios, but the regression is almost parallel to the better defined trend of E. huxleyi.
The calcium isotope fractionation of coccolithophores investigated so far (− 1.1 to − 1.6‰; − 300 to − 430 ppm/amu) falls within the range of previously determined marine biogenic carbonates (−0.7 to − 1.7‰; − 190 to − 460 ppm/amu cf. (Skulan et al., 1997; De La Rocha and DePaolo, 2000; Gussone et al., 2003; DePaolo, 2004; Chang et al., 2004; Marriott et al., 2004; Gussone et al., 2005; Sime et al., 2005) , and is in general agreement with the previously postulated mean Δ sed of − 1.3‰ (− 350 ppm/amu) cf. (De La Rocha and DePaolo, 2000) . But our results show as well significant inter-and intra-specific differences in Ca isotope fractionation of coccolithophores of up to 0.5‰ (135 ppm/amu) (considering the anomalous data of S. pulchra up to 1.0‰; 270 ppm/amu) as well as differences between coccolithophores and other marine calcifiers, indicating that coccolithophores exhibit slightly more fractionated Ca isotope values compared to most foraminifera cf. (Skulan et al., 1997; Chang et al., 2004; Gussone et al., 2005; Sime et al., 2005) and corals cf. (Böhm et al., 2006) . The observed variability of coccolithophore Ca isotope fractionation has the potential to significantly affect the global isotopic Ca budget, by introducing a temporal and spatial variability of the Ca isotope composition of marine carbonate sediments. While short term climate variability affects mainly the Ca isotope fractionation for the local sediments (and having less effect on the mean isotopic composition of the oceanic Ca-sink (Δ sed ) (Fantle and DePaolo, 2005) ), long term shifts in ocean chemistry and major shifts in floral and faunal assemblages and the regional distribution of CaCO 3 export production might alter the mean global Δ sed through earth history. These factors become more important for oceanic Ca budget reconstruction when extended further back in earth history cf. (Farkaš et al., 2007; Soudry et al., 2004) to eras in which the chemical composition of the ocean and assemblages of calcifying biota significantly differed from today's conditions.
To interpret the comparatively small variabilities of paleo δ 44/40 Ca sw values reliably when modelling the oceanic Ca budget over time, it is of particular importance to use well constrained values of the global mean Δ sed and 1000 · lná of the respective proxy archives, which are to a considerable extent influenced by the Ca isotopic composition of coccolithophore calcite. For instance, the carbonate fraction of surface sediments in the oligotrophic gyres of the South Atlantic is dominated by ] and [Ca 2+ ] (Langer et al., 2007) . Despite the relatively large scatter, Ω seems to influence the Ca isotope fractionation of the coccoliths. This dependence is opposite in sign to inorganic precipitation experiments (Lemarchand et al., 2004) and might rather be related to changes in the cellular Ca utilisation in response to the lowered calcite saturation in the bulk fluid, than to changes in the growth or calcification rate.
coccolithophores (up to 70 wt.%), while coccolith calcite makes up 20 wt.% of the carbonate fraction of sediments on the continental margins, where foraminifera are more important (Baumann et al., 2004) . In mid-Atlantic Ridge sediments of the central South Atlantic C. leptoporus contributes more than 50 wt.% to the total carbonate, while S. pulchra coccoliths constitute up to 4 wt.%. In the equatorial and central South Atlantic Helicosphaera spp. contribute up to 10 wt.%, which makes them more important carbonate producers than E. huxleyi and U. foliosa (about 3 wt.% each) in this region. In view of the significant contribution to the oceanic CaCO 3 export, the determined Ca isotope fractionation of the investigated coccolithophore species help to better define the isotopic composition of the Ca sink in the marine realm.
Despite the variability shown by the cultured coccolithophores with respect to species-differences, temperature or carbonate chemistry our data cannot explain the strong fractionation reported for coccolithophore oozes by Zhu and Macdougall (1998) . Judging from the five cultured species it appears unlikely that the observed differences in calcium isotope values between different Quaternary coccolith oozes (Zhu and Macdougall, 1998; De La Rocha and DePaolo, 2000; DePaolo, 2004; Fantle and DePaolo, 2005) are caused by species-specific calcium isotope fractionation of coccolithophores. It is more likely that components other than coccoliths are responsible for the light Ca isotopic signature of these oozes; these might include other biogenic carbonates (e.g. certain planktonic foraminifera) or products of early diagenesis. Since the origin and the spatial or temporal distribution of these oozes is still unclear it cannot be decided whether these oozes bear a meaning for the global mean Δ sed . However, also on local scales such sediments can be problematic, if bulk sediment samples are used as Ca isotope proxy archives.
Summary and conclusions
The calcium isotopic composition of coccoliths of the five coccolithophore species analysed so far, C. leptoporus, H. carteri, S. pulchra, U. foliosa and E. huxleyi, resembles previously reported marine carbonates with respect to absolute fractionation and temperature sensitivity, but shows some significant species-specific differences, which are however relatively small compared to the variability of reported coccoliths oozes cf. (Zhu and Macdougall, 1998; De La Rocha and DePaolo, 2000) . Changes in floral composition are therefore unlikely to explain the large Ca isotopic differences observed in the different coccolith oozes. The origin of these light δ 44/40 Ca values is unclear, but might be related to other biogenic CaCO 3 components or be the result of early diagenesis. Unlike inorganic calcite, C. leptoporus shows only a small and statistically insignificant response of Ca isotope fractionation to [CO 3 2− ], similar to results of E. huxleyi and O. universa; nevertheless, Ca isotope fractionation in coccolithophores might be influenced by a metabolic response to calcite supersaturation of the medium, leading to larger isotope fractionation at high Ω and less fractionation at low Ω, possibly due to increased cellular Ca utilisation at decreasing Ω. Calcium isotope fractionation of cultured coccolithophores is in agreement with a present mean Δ sed of about − 1.3‰, but also indicate that Δ sed may not be constant over time, being affected by long-and short-term shifts in faunal and floral assemblages and variation of physical and chemical conditions of the ocean (e.g. temperature and Ω). The use of bulk carbonate sediment as a proxy archive appears to be problematic, because the fractionation factor for the locally deposited CaCO 3 sediments is not constant, being affected by the processes discussed above with respect to Δ sed .
